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Abstract—A vertically polarized, low-profile, compact, 
near-field resonant parasitic (NFRP) antenna with 
pattern-reconfigurability is demonstrated. The antenna has three 
dynamic end-fire states facilitated with only three p-i-n (PIN) 
diodes. The radiation pattern in each state covers more than 120° 
in its azimuth plane and, hence, it achieves beam-scanning that 
covers the entire azimuth plane. The antenna height and 
transverse size are, respectively, only 0.048 λ0 and 0.1 λ02. 
Measured results, in good agreement with their simulated values, 
demonstrate that the antenna exhibits a ~11% fractional 
impedance bandwidth and a ~6.6 dBi peak realized gain in all 
three of its pattern-reconfigurable states. Stable and high peak 
realized gain values are realized over its entire operational band 
surrounding 2.22 GHz. 
 
Index Terms—Compact, end-fire radiation, near-field resonant 
parasitic antenna, pattern-reconfigurable, vertical polarization. 
I. INTRODUCTION 
ERTICALLY polarized antennas with pattern- 
reconfigurability have garnered increasing attention lately. 
They provide several advantages which include improving 
signal-to-noise ratios, decreasing multipath fading, improving 
system performance characteristics, and saving energy. 
Reconfigurability allows for adjusting the main beams toward 
desired directions while suppressing unwanted beams in other 
directions. Furthermore, vertically polarized fields suffer much 
smaller attenuation losses than horizontal polarized ones when 
an electromagnetic wave propagates along a lossy medium such 
as the earth or realistic ground planes. This aspect makes them 
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suitable in applications in the complex electromagnetic 
environments. Consequently, they have been widely applied in a 
variety of wireless systems. Examples include fifth-generation 
(5G) wireless communications devices [1], on-body 
communication systems [2], avionics applications [3], radar 
platforms [4], and customer-premises equipment (CPE) 
applications [5]. 
Considerable efforts have been devoted recently to realize 
vertically polarized antennas with pattern-reconfigurability. 
The existing techniques in extensive use can be generally 
classified into three categories. The first includes the integration 
of switchable ON/OFF devices such as p-i-n (PIN) [1], [2], 
[6]-[9] and varactor [4], [10]-[14] diodes. The second 
encompasses the introduction of switch networks such as 
controllable reactance circuits [15]-[16], beamforming 
networks [5], and control circuits [17]-[19]. The third resorts to 
mechanically controlled devices, e.g., movable liquid metals 
such as mercury [20] and electric motors to rotate the radiators 
[21]. While effective, these reconfigurable design schemes 
[1]-[4], [6]-[19] all consist of one central driven element and 
multiple parasitic elements around it. When operating in a 
single state, these reconfigurable systems only have a certain 
number of their parasitic elements active while the rest of them 
are idle. However, even though they are inactive, the additional 
space they occupy inescapably increases the total size of the 
antenna. On the other hand, when all the driven and parasitic 
elements are active at the same time, such as they are in each 
state in [5], a compact system is obtained. Nonetheless, it 
required a rather complex beamforming network to enable the 
requisite phase shifts to dynamically reconfigure its radiation 
patterns. 
In this paper, a low-profile, compact, near-field resonant 
parasitic (NFRP) antenna that radiates vertically polarized, 
pattern-reconfigurable end-fire fields is reported. In Section II, 
two types of vertically polarized fan-shaped top-loaded folded 
monopole antennas are demonstrated and compared. One 
configuration includes the driven folded monopole and a single 
fan-shaped top-loaded monopole that acts as a NFRP element. 
The other has two such NFRP elements. Electrically small sizes 
(ka < 1, where a is the radius of the smallest sphere that 
completely encloses the antenna system at the lower bound of 
the operational frequency range, fL, and k = 2π/λL = 2πfL /c is the 
corresponding free space wavenumber) are accomplished by 
loading the fan-shaped top-hats with U-shaped slots. These two 
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antennas are shown to have excellent end-fire performance. It is 
demonstrated that the 3-element design achieves higher peak 
realized gain values with smaller fluctuations, i.e., its realized 
gain values are more stable, over its entire operational 
frequency band than the 2-element one. A 
pattern-reconfigurable 3-element system that covers the entire 
360° azimuth plane is then introduced in Section III. The design 
incorporates three of the fan-shaped top-loaded folded 
monopoles in a compact configuration. Its reconfigurability 
relies on a feed structure with only 3 PIN diode switches. As 
described in Section IV, a prototype of the optimized design 
was fabricated and tested to verify its simulated performance 
characteristics. The measured results, in good agreement with 
their simulated values, demonstrate that this compact, low 
profile system realizes stable peak realized gain values over its 
entire operational fractional bandwidth (FBW) for each of its 
pattern-reconfigurable states. Finally, some conclusions are 
drawn in Section V. 
All the metallic elements in the antenna designs reported in 
this paper were chosen to be copper with its known material 
parameters: εr = 1.0, μr = 0.999991 and bulk conductivity σ = 
5.8 × 107 S/m. All the numerical simulations and their 
optimizations were performed using the frequency domain 
ANSYS/ANSOFT high frequency structure simulator (HFSS), 
version 13.0. The |S11| (reflection coefficient) values for all of 
the fabricated prototypes as functions of the source frequency 
were measured using an Agilent E5063A PNA VNA. Their 
far-field radiation performance characteristics were measured in 
an anechoic chamber at the China Academy of Information and 
Communications Technology, Chongqing, China. 
II. PERFORMANCE COMPARISON BETWEEN TWO TYPES OF 
ELECTRICALLY SMALL, NFRP ANTENNAS  
The pattern-reconfigurable system followed from two NFRP 
antenna designs. Combining a driven folded monopole structure 
with one and two NFRP elements, two vertically polarized 
low-profile, electrically small, end-fire systems were obtained. 
Their design features and performance characteristics are 
characterized and compared. The physical mechanisms that led 
to the final design choices and that facilitated the 
pattern-reconfigurable system are explained. 
 
A. Configurations 
The one and two NFRP element configurations are shown, 
respectively, in Figs. 1(a) and 1(b). The corresponding 
optimized design parameters are detailed, respectively, in 
Tables I(a) and I(b). Fig. 1 illustrates that both antenna systems 
consist of two substrate boards. These copper-cladded substrate 
boards are Taconic RF-35 with a relative dielectric constant: εr 
= 3.5, loss tangent: tan δ = 0.0018, and copper cladding 
thickness: 0.017 mm. Both boards are circular with a 21 mm 
radius and have the same thickness, 0.76 mm. The various 
conducting surfaces are etched on the top surfaces. The copper 
cladding on the lower surface of the lower substrate remains. It 
is directly connected to a copper ground plane disc whose radius 
is 30 cm and whose thickness is 1 mm. A KTG 141–50 type, 
semi-rigid, 50 Ω coaxial cable was selected to feed each of the 
two antennas. The radii of its inner and outer conductors are 







Fig. 1 Two vertically polarized NFRP antennas. Both have a driven fan-shaped 
top-loaded folded monopole element. They consist of (a) one and (b) two 
fan-shaped top-loaded monopole NFRP elements. Each of the fan-shaped 
components includes a U-shaped slot. 
 
 
As shown in Fig. 1 (a), the 2-element NFRP antenna consists 
of two modified monopole elements. The first is the driven 
folded monopole. It is augmented with a fan-shaped top-hat that 
has a U-shaped slot etched into it. The top-hat is shorted to the 
ground plane by a cylindrical copper column (marked as the 
shorting pin) whose height is H = 6.5 mm and diameter is D1 = 
4.4 mm. Thus, it penetrates through the bottom substrate. A 
second column (marked as driven pin) is connected directly to 
the top-hat. Its length and diameter are, respectively, 5.74 mm 
and 3.8 mm. Both of these columns penetrate the substrate and 
are connected directly to the fan-shaped top-hat. The driven pin 
is connected directly to the center conductor of the coax and, 
hence, protrudes above the ground plane by 0.76 mm. The 
NFRP element is a fan-shaped top-hat loaded monopole 
element. It is directly connected to the upper surface of the 
top-hat and to the ground plane by the shorting pin. Its height is 
also 6.5 mm and has a D3 = 4.6 mm diameter. When this two 
element antenna is operating, the juxtaposition of the driven and 
NFRP monopole elements produces end-fire radiation as 
anticipated in [22]. 
In contrast, the 3-element NFRP antenna shown in Fig. 1 (b) 
consists of a similar driven element and two similar NFRP 
elements. All of the columns, the fan-shaped top-hat 
components and their U-shaped slots have been modified to fit 
them all into the same area. When the antenna is operating, it 
also produces excellent end-fire radiation. Because it has 
preferred performance characteristics, this 3-element NFRP 
antenna was fabricated and tested. 
 
B. Performance Characteristics 
The two NFRP antennas were optimized through simulations. 
Comparisons of the |S11| values between the two antennas are 
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shown in Fig. 2. The -10-dB bandwidth of the 2- (3- ) element 
antenna is 125 (116) MHz from 2.143 (2.149) to 2.268 (2.265) 
GHz with the FBW = 5.7% (5.3%). The realized gain and 
radiation efficiency (RE) values over the -10-dB bandwidth 
region are depicted in Fig. 3. The maximum and minimum 
realized gain values of the 2- (3- ) element antenna are 7.37 
(7.73) dBi and 4.65 (5.94) dBi, respectively. The difference 
between the maximum and minimum realized gain values of the 
3-element antenna is 1.79 dBi, while it is 2.72 dBi for the 2- 
element one. The simulated RE values for the two antennas are 
both higher than 90%. Consequently, the fluctuations in the 
realized gain values within the operational frequency range of 
the 3-element antenna are smaller than those for the 2-element 
one for the same electrical size and height and very similar 
impedance bandwidths.  
 
TABLE I  THE OPTIMIZED DESIGN PARAMETERS OF THE TWO VERTICALLY 
POLARIZED NFRP ANTENNAS (IN MILLIMETERS) 
 
(a) 2-Element Antenna 
 
W1=1 W2=5.2 W3=2 W4=5.4 
W5=1.9 W6=1 W7=0.9 R1=21 
R2=18.5 R3=4.5 R4=4 R5=19 
D1=4.4 D2=3.8 D3=4.6 L1=7.21 
L2=6.93 T1=0.76 T2=0.76 S1=8 
S2=5.4 S3=14.8 H=6.5 Null 
 
(b) 3-Element Antenna 
 
W1=3.5 W2=3 W3=5.2 W4=5.2 
W5=2.1 W6=0.95 W7=1 R1=21 
R2=18.3 R3=19 R4=5.5 R5=15 
R6=6 D1=4.8 D2=4 D3=4.6 
L1=7.26 L2=7.29 T1=0.76 T2=0.76 
S1=8.15 S2=5.45 H=6.5 Null 
 
 
Fig. 2 Comparisons of the simulated and measured |S11| (reflection coefficient) 
values of the 2-element and 3-element vertically polarized NFRP antennas as 
functions of the source frequency. 
 
The normalized realized gain patterns of the 2- and 3-element 
antennas are shown in Fig. 4 at their lower and higher resonance 
frequencies within their bandwidths. It is noted that the offset 
driven element and the presence of the large ground plane (2.2 
λ0 radius) causes the main beam to be tilted down ~ 50° from the 
normal to the ground in the E-plane (yz-plane). It is clear from 
the H-plane (xy-plane) that both antennas exhibit similar 
end-fire radiation characteristics over their entire operational 
frequency range. The half power beamwidths for both antennas 
is ~ 148° in H-plane, centered on the –y-axis. Because it has 
higher realized gain values with smaller fluctuations within its 
operational bandwidth, the 3-element NFRP antenna was 
fabricated, assembled, and measured. This prototype’s 
measured |S11| and realized gain values, and its normalized 
realized gain patterns are also presented in Figs. 2-4 for 
comparison. The measured -10-dB bandwidth of the 3-element 
antenna is 122 MHz from 2.133 to 2.255 GHz with the FBW = 
5.6 %. The maximum and minimum realized gain values are 7.9 
and 6.1 dBi, respectively. Thus, the difference between its 
maximum and minimum realized gain values is only 1.8 dB. The 
measured results are in reasonable agreement with their 
simulated values. 
 
Fig. 3 Comparisons of the realized gain and radiation efficiency values of the 
2-element and 3-element vertically polarized NFRP antennas as functions of 
the source frequency. 
 
(a) Lower resonance frequency 
 
(b) Higher resonance frequency 
 
Fig. 4 Comparisons of the simulated and measured normalized realized gain 
patterns (φ = 270° in the E-plane, and θ = 50° in the H-plane) of the 2-element 
and 3-element NFRP antennas at two resonance frequencies. (a) Lower 
simulated (measured) resonance frequency: 2.17 (2.18) GHz. (b) Higher 
simulated (measured) resonance frequency: 2.21 (2.22) GHz. 
C. Physical Mechanisms  
In order to illustrate the operational mechanisms of both 
antennas, the amplitude distributions of the surface currents on 
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their upper conducting surfaces at two resonance frequencies 
are compared in Fig. 5. On the one hand, it is clear that the 
currents on the NFRP components in the 2-element antenna are 
much less than those on the 3-element one, especially in the 
higher operational frequency range. This feature addresses the 
smaller 2-element realized gain values. On the other hand, the 
end-fire performance arises from a quasi-Yagi behavior 
between the driven and NFRP elements [23, 24]. For a 
two-element Yagi, it is well-known [25] that end-fire radiation 
will occur if the driven and parasitic elements are separated by a 





    (I)                                              (II) 
 
                    (a) 
 
 
(I)                                                         (II) 
 
                   (b) 
 
Fig. 5 Amplitude distributions of the surface currents on the top-hat 
components of the (a) 2-element and (b) 3-element NFRP antennas at two 
frequencies. (I) Lower resonance (GHz), a: 2.17, b: 2.18. (II) Higher resonance 
(GHz), a: 2.21 and b: 2.22. 
 
The introduction of the fan-shaped top-hats rather than the 
common circular ones [2], [7], facilitates the electrically small 
size of the systems. The introduction of the U-shaped slots 
localizes the surface currents to their edges as seen in Fig. 5 [26]. 
The combination of these features produces the requisite phase 
difference between the driven and NFRP elements to yield the 
end-fire behavior. The optimized designs make this particularly 
true at the lower resonant frequency of the 2- (3- ) element 
antenna, 2.17 (2.18) GHz.  However, this also means that the 
phase difference at the corresponding higher resonance 
frequency 2.21 (2.22) GHz is not quite right to maximize the 
end-fire behavior and the peak of the realized gain in Fig. 3 
witnesses a decline there. It is also clearly observed in Fig. 5 that 
the magnitudes of the surface currents on the 3-element antenna 
components decrease much less than on the 2-element one at the 
higher frequency. This behavior is responsible for the more 
stable performance, i.e., the smaller realized gain fluctuations, 













Fig. 6 The pattern-reconfigurable, vertically polarized NFRP antenna 
configuration. (a) 3-D isometric view. Top view of (b) the conducting 
fan-shaped components and (c) the feed structure now present on the upper 
surface of the lower substrate. 
 
III. PATTERN-RECONFIGURABLE VERTICALLY POLARIZED 
NFRP ANTENNA DESIGN 
Given it performance characteristics, the three-element 
NFPR antenna was selected for redesign to achieve a 
pattern-reconfigurable version. This design is illustrated in Fig. 





THE OPTIMIZED DESIGN PARAMETERS OF THE PATTERN-RECONFIGURABLE 
VERTICALLY POLARIZED NFRP ANTENNA (IN MILLIMETERS) 
 
R1=24 R2=13.8 R3=5 R4=20 
R5=8.5 W1=2.2 W2=6 W3=12 
W4=1.5 W5=3.5 W6=2.05 W7=2.05 
D1=3.2 D2=4.6 D3=4.2 G1=0.4 
G2=0.5 Null 
 
The antenna is constructed with the same 0.76 mm thick 
Taconic RF-35 substrates and the same 1.0 mm thick ground 
plane. The radiating elements are three fan-shaped top-hat 
loaded folded monopoles. They are displayed in red, blue, and 
green in Fig. 6 for ease of description. Their conducting 
components were realized with the same printed circuit board 
(PCB) technology as the 3-element prototype was. The 
reconfigurable feed structure is located on the top surface of the 
lower substrate.  
Each folded monopole consists of a driven pin, a shorting pin, 
and a fan-shaped top-hat with a C-shaped slot etched in it. In 
contrast to the 3-element antenna, the driving pin of each of 
these monopole structures is directly connected to a component 
of the reconfigurable feed structure. The center of the feed 
structure is directly connected to the center conductor of the 
KTG 141–50 coaxial cable. The external conductor of coaxial 
cable is again connected to the ground plane. All three 
monopole structures are identical to achieve the same 
performance characteristics in their respective 120° sectors. For 
each of these states, one monopole structure is driven and the 
other two act as NFRP elements. The C-shaped slots not only 
simplify the design, but they also facilitate the necessary current 
magnitudes and phase differences to recover the end-fire 
radiation feature in each state. Moreover, because of the 
increased length of the driven pin which decreases the 
operational frequency, their smaller total lengths help to 
increase it and, hence, to overlap with the frequency region in 
which this end-fire radiation performance occurs.  
As is shown in Fig. 6 (c), the feed structure consists of three 
pathways on the top surface of the bottom disc. They are 
symmetrically emanating from the center of the disc and are 
designed to accommodate pattern-reconfigurability into the 
three sectoral states. The three feed lines are metal branches, 
each containing a PIN diode, a capacitor, and two inductors. All 
three diodes are M/A-COM MA4GP907 PIN diodes [27]. 
According to its datasheet, each of these PIN diodes serves as a 
4.0 Ω resistor in its ON state and as a 0.025 pF capacitor in its 
OFF state [27]. These diodes are denoted here as PIN_1, PIN_2, 
and PIN_3, respectively. Their negative poles are all set 
towards the disc center as depicted in Fig. 6(c). All three pairs of 
inductors were Murata 100 nH coil inductors. Three Murata    
10 pF capacitors were employed to avoid any occurrence of 
short-circuit currents between the dc bias network and the 
vector network analyzer (VNA). In order to ensure the PIN 
diode locations during fabrication of the prototype, four small 
rectangular slots were etched on both sides of each diode 
position as markers.  
The ON/OFF switch operations of the PIN diodes result in 
one folded monopole structure acting as the driven element and 
the other two folded monopole structures acting as the NFRP 
reflector elements [22-24]. By controlling the ON/OFF states of 
the three PIN diodes, the main beam direction is dynamically 
switched. In particular, when PIN_1 is turned ON and PIN_2 
and PIN_3 are turned OFF, the RF signal passes through the red 
driven pin to directly excite the red folded monopole structure. 
As a consequence, the end-fire radiation pattern points along the 
red folded monopole structure direction (–y-axis). We denote 
this state as State-1. In a similar manner, when PIN_2 (PIN_3) 
is ON and the other two are OFF, the end-fire radiation pattern 
points along the blue (green) folded monopole structure 
direction; this state is labeled as State-2 (State-3). These three 
states, together with their PIN diode states, are summarized in 
Table III. Clearly, this three diode configuration makes the 
reconfigurable structure simple. The collocation of all three 




 PIN DIODE STATES FOR THE THREE PATTERN STATES  
 
State PIN_1 PIN_2 PIN_3 
1 ON OFF OFF 
2 OFF ON OFF 
3 OFF OFF ON 
 
IV. SIMULATED AND MEASURED PERFORMANCE 
CHARACTERISTICS 
The optimized pattern-reconfigurable vertically polarized 
NFRP antenna was fabricated, assembled, and measured. A 
photograph of its components before assembly is presented in 
Fig. 7 (a). As shown in Fig. 7 (b), three different pairs of dc bias 
lines were used to control the ON/OFF states of the three PIN 
diodes. In practice, three blue wires were connected via the 
inductors to the negative poles of the three PIN diodes and three 
yellow wires were connected via the inductors to their positive 
poles. Thus, each pattern state employs one yellow (“+” pole) 
and all three blue (“-” pole) dc lines. An ATTEN TPR3003T-3C 
regulated dc power supply was used to feed the yellow wires 
with ~1.4 V voltage to turn on the PIN diodes. The antenna 
under test (AUT) in the chamber is shown in Fig. 7 (b) along 
with this dc source and the assembled antenna with its dc bias 
lines.  
As is shown in Fig. 7(b), a large extended copper ground 
plate was employed in the measurements to accurately evaluate 
its vertical polarization performance [3], [4], [6], [7], [14], [19]. 
The measured results together with their simulated values in 
each pattern state are presented in Fig. 8. Note that due to the 
antenna’s strict symmetry, the simulated |S11| performance for 
each of the three states is the same. The corresponding 








Fig. 7 Fabricated prototype of the pattern-reconfigurable vertically polarized 
antenna. (a) Antenna elements before assembly and (b) prototype antennas as 
the AUT in the chamber. 
 
The simulated -10-dB impedance bandwidth in each state is 
2.1 to 2.342 GHz (242 MHz), which yields FBW = 10.9%. The 
measured -10-dB impedance bandwidths for State-1, State-2 
and State-3 are from 2.113 to 2.348 GHz (235 MHz, 10.5%), 
from 2.09 to 2.335 GHz (245 MHz, 11.1%), from 2.065 to 
2.323 GHz (258 MHz, 11.8%), respectively. Therefore, the 
corresponding measured overlapped operating bandwidth for 
all three states is 210 MHz (FBW = 9.47%), from 2.113 to 
2.323 GHz. On the whole, the measured results demonstrate 
good agreement with their simulated values. 
 
  
Fig.8 Simulated and measured |S11| values of the pattern-reconfigurable 














(c) E-plane, φ = 150°; H-plane, θ = 54° 
 
Fig. 9 Simulated and measured normalized realized gain patterns when the 
antenna radiates each of its three states at the lower resonance frequency. (a) 
State-1. (b) State-2. (c) State-3 
 
Fig. 9 presents the simulated and measured normalized 
realized gain patterns when the antenna operates in each of its 
pattern states at the selected frequency, 2.15 GHz, in its 
operational bandwidth. The main-beam direction is seen to 
point as expected from the three states listed in Table III. The 
simulated (measured) realized gain in State-1 is 7.13 (6.97) dBi 
and the simulated (measured) main-beam direction is pointed to 
270° (269°) in the H-plane with a corresponding 160° 
half-power beamwidth from 190° to 350° (159°, from 187° to 
346°). Similarly, the simulated (measured) realized gain in 
State-2 is 7.13 (6.36) dBi and the simulated (measured) 
main-beam direction is pointed to 30° (32°) in the H-plane with 
a corresponding 160° half-power beamwidth from -50° to 110° 
(161°, from -46° to 115°). The simulated (measured) realized 
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gain in State-3 is 7.13 (6.52) dBi and the simulated (measured) 
main-beam direction is pointed to 150° (148°) in the H-plane 
with a corresponding 160° half-power beamwidth, from 70° to 
230° (153°, from 73° to 226°).  
 
TABLE IV 
 MEASURED AND SIMULATED PERFORMANCE CHARACTERISTICS OF THE 
PATTERN-CONFIGURABLE VERTICALLY POLARIZED NFRP ANTENNA  
 













M 10.5 11.1 11.8 
Peak realized gain 
(dBi) 
S 7.13 
M 6.97 6.36 6.52 
Main-beam 
direction 
S 270° 30° 150° 




S 190° - 350° -50° - 110° 70° - 230° 





M 159° 161° 153° 
 
The measured and simulated results of the 
pattern-reconfigurable vertically polarized NFRP antenna in all 
of its three pattern states are summarized in Table IV. On the 
whole, the average measured 3-dB beamwidth coverage in each 
dynamical state is 158°, much wider than 120°. Thus, as 
designed, the overlapping instantaneous 3-dB beamwidths for 
all three states cover the entire azimuth plane. The measured 
results witness acceptable differences with their simulated ones. 
These small differences are attributed to several factors. First, 
because of the three PIN diodes are lumped elements and have 
manufacturing tolerances, their performance characteristics are 
not perfectly the same. Second, the long dc wires present in the 
measurement process were not considered in the simulations. 
Third, there were inevitable small dimension errors generated 
during the fabrication and assembly stages. Nonetheless, the 
measured and simulated values are in very reasonable 
agreement. 
Table V compares the prototype’s performance 
characteristics with those of previously reported vertically 
polarized antennas exhibiting entire azimuth plane coverage. 
Details include height, transverse electric size, gain, FBW, and 
number of states. Note that for a fair comparison, the total 
electrical size of each design corresponds to the center 
frequency of its -10-dB impedance bandwidth. These 
comparisons demonstrate that our antenna has several notable 
advantages. It is simple, utilizing the least number of PIN diodes. 
It is nearly the lowest profile. It provides a comparable 
operational bandwidth and peak gain values in nearly the 
smallest transverse size. It is noted that while the transverse size 
of the system reported in [19] is 12.5 times smaller, this was 
achieved by adding parasitic strips between the driven and 
reflector elements. Those additional elements made its height 
five times larger than our design. Moreover, it realized a 
narrower bandwidth and a worse level of impedance matching. 
 
TABLE V 
COMPARISON OF THE PATTERN-CONFIGURABLE VERTICALLY POLARIZED NFRP 















[1] 0.38 0.12 4.9 8 6 
[3] 0.04 0.28 6 5.7 4 
[4] 0.25 1.31 12 16 12 
[5] 0.09 0.14 6.7 19 4 
[6] 0.25 0.69 8 19 6 
[7] 0.048 0.52 7.74 10.8 3 
[8] 0.13 0.22 6.5 20 12 
[9] 0.5 2.25 10 14.5 6 
[10] 0.09 0.11 4 10 6 
[11] 0.1 0.11 4 4.1 6 
[13] 0.08 0.20 7 8.2 6 
[14] 0.063 0.22 1.5 5.7 4 
[18] 0.18 0.14 5.1 17 6 
[19] 0.24 0.008 7 <1 8 
This work 0.048 0.10 6.6 11 3 
 
V. CONCLUSION 
A low-profile, compact, end-fire, vertically polarized NFRP 
antenna with pattern-reconfigurability was presented. The 
antenna consists of three identical top-loaded folded monopoles 
and a reconfigurable feed structure to accommodate three 
overlapping end-fire pattern states. Their fan-shaped top-hats 
were augmented with C-shaped slots to achieve its compact 
configuration, nearly complete impedance matching to its 50 Ω 
source, and its end-fire radiation states. Only three PIN diodes 
were required; they were integrated into the feed structure to 
empower it pattern-reconfigurability. With one element on and 
the other two acting as NFRP elements, a ~ 158° half-power 
beamwidth is achieved in the azimuthal plane with this 
3-element system in each of its three states, i.e., the radiation 
pattern in each of its reconfigurable states covers more than 
120° in the azimuth plane and, consequently, the system easily 
achieves a 360° beam-scanning ability. A prototype of the 
optimized design was fabricated and measured. The simulated 
and experimental results are in good agreement. The antenna 
exhibits a ~11 % impedance bandwidth and a ~6.6 dBi peak 
realized gain in all of its pattern-reconfigurable states. Its height 
and transverse size were, respectively, only 0.048 λ0 and 0.1 λ02. 
The prototype pattern-reconfigurable antenna has several 
potential applications in space-limited base stations and in 
compact intelligent transportation systems. 
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